In this paper, a new way for γ-alumina synthesis was proposed, the raw material being aluminum powders obtained by high-energy milling of aluminum cans. This seems a good option for this metal recycling and energy saving, as well as hydrogen production. The materials were prepared by precipitation techniques, in which aluminum powders reacted with hydrochloric acid, giving aluminum chloride, which was subsequently transformed into aluminum hydroxide by reaction with ammonium hydroxide or sodium hydroxide as precipitant agents, and finally into γ-alumina by calcination. Results showed that the used preparation methods gave a γ-alumina structure, confirmed by XRD, with surface areas values (174 and 204 m 2 g -1 ) close to those of a commercial γ-alumina Cyanamid Ketjen (180 m 2 g -1 ) or an alumina prepared by a typical precipitation route (203 m 2 g -1 ). Using sodium hydroxide as precipitant agent turned out to be more ecologically compatible since it did not release harmful environmental compounds.
Introduction
γ-Alumina is widely employed as a catalyst or catalyst support in several chemical processes, such as ammonia synthesis, synthesis gas and hydrogen production, oils hydrogenation, petroleum refining, automotive emissions control, among others 1, 2 . Some characteristics that make it attractive for these applications are its high surface area, high thermal and chemical stability and high mechanical strength 2, 3 . However, alumina is mainly produced by Bayer process 4 , a high-energy consumption technology. On the other hand, alumina can be obtained by precipitation methods 5 , by sol-gel methods 6 , or even from kaolin 7, 8 . It is known that the aluminum cans recycling saves up to 95 % energy. By recycling 1 kg aluminum cans, for instance, one can save 8 kg bauxite, 4 kg chemical products and 14 kWh power can be saved 9 . Recycling of aluminum is then of great interest from economic, energetic and environmental perspectives. In this line, with goal to contribute with new routes of this metal recycling, researchers [10] [11] [12] [13] proposed the conversion of aluminum scrap from beverage cans. These methods involve expensive reactants or complexes reactions or releasing of harmful compounds to the environment, as SO 3 . The majority employs sol-gel process in the synthesis of alumina and all of them use aluminum scraps and sulfuric acid or mercury compounds in the reactions.
The aim of this study was to develop a different route for γ-alumina synthesis, from using aluminum powders obtained by high-energy milling of aluminum cans as starting material. Using powders instead of aluminum scraps is interesting because increases the contact surface and hence the rate of chemical reactions and it is not necessary sulfuric acid to digest the sample. According to the proposed method, two subsequent precipitation reactions were carried out: first aluminum with hydrochloric acid and then the aluminum chloride formed with sodium hydroxide or ammonium hydroxide as precipitating agents of aluminum hydroxide gel. Other acids such as nitric or sulfuric ones could also have been used to obtain an intermediate aluminum salt such as aluminum nitrate or aluminum sulfate, respectively. However, sulfur oxides (SO x ) or nitrogen oxides (NO x ) could be formed as byproducts, which would cause environmental damage if released for atmosphere.
Structure and morphology of the materials were investigated by XRD, SEM, BET surface area and pore properties, and were compared with those of an alumina prepared by aluminum hydroxide precipitation from aluminum nitrate and ammonium hydroxide.
Materials and Methods

Obtaining aluminum powders
The aluminum powders used for γ-alumina production were obtained through aluminum cans high-energy milling using a ball mill. The ink was removed from the cans using varnish solvent and then the cans were cut into 5 mm squares. The material was processed in a horizontal attritor mill, designed and assembled by Coelho
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. Milling was performed at 1000 rpm for 1 h.
Preparation of γ-alumina from aluminum powders
Al reaction with HCl and subsequently with NaOH
According to this method, 4 g aluminum powder were weighted in a beaker and after addition of water (100 mL) reacted with hydrochloric acid solution (6 mol L -1 , 100 mL), drop-to-drop, under constant stirring, producing aluminum chloride (AlCl 3 ), as described by Eq. 1.
The prepared sample was named LS1000-1. By this method were obtained 10 g of dried sample and 6 g of calcined sample (alumina). The calcined sample was like brown.
Al reaction with HCl and subsequently with NH 4 OH
Another synthesis was performed replacing sodium hydroxide by ammonium hydroxide as the precipitating agent. The preparation procedure was the same described above and the reaction between aluminum chloride and ammonium hydroxide occurred as shown in Eq. 3. The use of ammonium hydroxide as the precipitating agent is interesting because during the calcination step (800 o C, 4 h) ammonia (NH 3 ) and hydrochloric gas (HCl) are eliminated by ammonium chloride decomposition (Eq. 4), and thus do not contaminate the final solid. However, the released gases are harmful to health and the environment. The obtained sample was named LA1000-1. The yield after drying and calcination was similar to that obtained with LS1000-1 sample, and the color was like brown too.
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Reactant addition was slow (3.0 mL min -1 ), because the reaction occurs violently and releases large amounts of heat and hydrogen. Considering the stoichiometry of this reaction from 100 g of aluminum are produced 125 L of hydrogen, that if collected and stored, it can be used as fuel. This is the goal of several studies 15, 16 . However, the aim of this work it was not hydrogen storage. Then, due to the high inflammability of the produced hydrogen, it was released to the atmosphere taking adequate safety measures during the experiments.
Aluminum chloride was then converted into aluminum hydroxide by reaction with sodium hydroxide solution (6 mol L -1 ), added drop-to-drop (8.0 mL min -1 ) and under stirring, at room temperature. Eq. 2 represents this reaction.
( ) AlCl
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After maturation under constant stirring by 24 h, the mixture was separated by centrifugation and the solid was washed with ammonium hydroxide solution (1 %). The gel obtained which was not white as aluminum hydroxide, but pink, was dried (110 o C, 24 h), triturated in agate, sieved (100-200 mesh) and calcined at 800 o C for 4 h. According to the thermal transformation sequence of the aluminum hydroxides 17 , the γ-alumina formation with high surface area, takes place by heating the boehmite precursor (AlOOH) between 450-750 o C. However, in this work, the chosen calcination temperature was 800 o C, considering that most of catalytic processes, which employ alumina as catalyst or support, operate at high temperatures in the range of 600-900 o C. This is the case, for example, of methane steam reforming reactions to produce hydrogen and syngas 18 . The goal was to assure the formation and preservation of γ-alumina phase in the reaction temperatures. 
Preparation of γ-alumina by conventional method
In order to compare the textural properties of the γ-alumina produced from aluminum powders with those of an alumina prepared by a conventional method, the material was also obtained by simultaneous addition of 250 mL aluminum nitrate solution (1.0 mol L -1 ) and 200 mL concentrated ammonium hydroxide (30-32 %) into a beaker containing water (100 mL) under constant stirring and pH 9-10. After reactant addition, the system was kept under stirring for 24 h. Then, the white material was centrifuged and washed with ammonium hydroxide, and the gel obtained was dried (110 o C, 24 h), triturated in agate, sieved (100-200 mesh) and calcined at 800 o C for 4 h. The yield was similar to that of the samples prepared by the proposed methods. This sample was identified as CA. Calcined solid was white.
Characterization of the solids obtained by different methods
The thermal behavior of non-calcined materials was evaluated by thermogravimetric analysis (TGA), heating the sample from 22 to 950 o C, under N 2 atmosphere. A TGA 51-H Shimadzu equipment was used.
Scanning Electron Microscopy (SEM) images of calcined samples were obtained through VEGA 3 Tesca equipment at 15 kV. Energy Dispersive X-Ray Spectroscopy (EDS) analysis to identify the chemical qualitative composition was performed in an X-act Oxford Instruments apparatus coupled to the electron microscope.
Samples crystalline phases were identified by X-ray diffraction (XRD). During the experiments performed in Shimadzu XRD 7000, samples were exposed to CuKa radiation, generated at 30 kV and 20 mA. The scan was from 10 to 80 o . Specific surface area and porosity analyzes were made by nitrogen adsorption measurements, at -196 o C (77 K), in an ASAP 2420 equipment, using a 200-300 mg of sample. Figure 1 shows TGA and DTG (derivate) profiles of LS1000-1 and LA1000-1 samples, non-calcined (NC), prepared from aluminum powders. The curves showed three regions of mass loss. The first one, between 22 e 117 o C, with mass loss values around 14 %, is related to evaporation of physically adsorbed water on the solid 19, 20 . For LS1000-1, the mass loss that can be better observed by DTG peaks in the range of 180-340 o C comes from the release of chemisorbed water, which takes place around 250 o C 8 . In this case, thermal decomposition of NaCl (a by-product of aluminum chloride reaction with sodium hydroxide (Eq. 2)) does not happen, so the mass loss is small. On the other hand, the well defined endothermic peak for LA1000-1 DTG is due to ammonium chloride decomposition that is a byproduct of aluminum chloride reaction with ammonium hydroxide (Eq. 3). During the decomposition, ammonia and hydrochloric gas are released (Eq. 4), this producing a greater mass loss. The third region corresponds to an endothermic peak between 330 and 570 o C, and it can be related to the loss of the aluminum hydroxide hydration water, producing alumina by dihydroxylation 
Results and Discussion
TGA/DTG
SEM/EDS
Solids EDS spectra prepared from aluminum powders (Figure 2 ) indicate the presence of metals such as iron, manganese, magnesium and potassium in the solids, confirming that pink color of the gel obtained is really due to the presence of these contaminants, coming from the cans. In fact, Liu et al. 10 determined the quantitative chemical composition of beverage cans and founded the presence of 97.1 wt% Al, 1.08 wt% Mg, 0.86 wt% Mn, 0.59 wt% Fe and 0.33 wt% other metals. In this work, the detected amount of contaminants was less 1.0 wt%. At low levels, these metals can bring beneficial effects on alumina-based catalysts, such as improvements in the structural and textural properties and catalytic performance. Mg presence, for example, that has basic character, diminishes the alumina acidity, changing the catalyst activity and selectivity in acid catalyzed reactions. In this way prevents the formation and coke deposition, increasing the catalysts stability during methane steam reforming 21 or ethanol steam reforming 22 . Nurunnabi and coworkers 23 showed that Mn addition to Ru/γ-Al 2 O 3 catalysts increases their resistance to deactivation during FischerTropsch reaction. It was also observed a synergistic effect between Fe and Co when a small amount of Fe is added to Co/Al 2 O 3 catalyst, which improves the catalyst performance in the ethanol steam reforming 24 .
Analyzing the EDS spectrum of LS1000-1 sample, it was noted that not only the above metals but sodium and chlorine as well were also present. These elements were not removed during the calcination step, remaining as sodium chloride (NaCl) in the solid. In order to remove the salt, the material was washed with water, vacuum filtered, dried at 110 o C and calcined at 800 o C, and the LS1000-1-WF sample was obtained. EDS spectrum was recorded again (Figure 2) , showing that the washing process was efficient to eliminate the NaCl. Regarding LA1000-1, chloride was not found, since it was eliminated during ammonium chloride decomposition in the calcination step, according to TGA/ DTG results. It was also possible to observe, from SEM images, that the solids morphologies were similar, with heterogeneous particle sizes. However, LS1000-1 sample showed a smooth surface, while fissures can be noted on the surface of LA1000-1 one, probably resulting from empty spaces generated by gases released during calcination.
XRD
Calcined at 800 o C and non-calcined solids XRD profiles are shown in Figure 3 . It can be seen that the main phase found in the non-calcined samples was the boehmite (JCPDS 21-1307 card), which is transformed into γ-alumina (JCPDS 29-0063 card) after calcination. Similar profiles of γ-alumina were obtained by other authors 25, 26 . Regarding LS1000-1 NC and LA1000-1 NC samples, besides boehmite phase NaCl (JCPDS 05-0628 card) and NH 4 Cl (JCPDS PDF 730365 card) were identified, respectively. After the calcination step, NH 4 Cl was removed from LA1000-1, but NaCl remained in LS1000-1, in agreement with EDS results. However, the washing procedure with water and subsequent calcination contributed to the salt removal so that only γ-alumina phase in the sample LS1000-1-WF was detected. LS1000-1 sample was washed with water to dissolve and eliminated NaCl, and then dried and calcined to produce LS1000-1-WF sample. After these steps, and based on the thermal behaviors observed by TGA (Figure 1 ) and by XRD profiles (Figure 3) , it can be noted that this technique of alumina preparation had the advantage of avoid the emission of harmful chemical compounds to the atmosphere, differently from what happens with LA1000-1.
Surface Area and Porosity
Specific surface area (Sg) and pore volume (Vp) values of calcined solids at 800 o C are shown in Table 1 . Specific surface areas were calculated by Brunauer-Emmett-Teller (BET) method 27 , while pore volumes were determined by Barret-Joyner-Halenda (BJH) method , being suitable to be used as catalyst support. Comparing the alumina samples prepared from aluminum powders with those obtained by the conventional method, it was noted that when sodium hydroxide is used as precipitant (LS1000-1 WF) the surface area value is similar to CA sample and higher than the one prepared using ammonium chloride as precipitating agent (LA1000-1). In this case, the lowest surface area can be correlated with the material morphology, as observed by SEM (Figure 3) , and it comes from the empty spaces produced by the released gases. Furthermore, the textural properties of all alumina samples were similar to those of a Cyanamid Ketjen CK 300 (180 m 2 g -1 surface area and 0.5 cm 3 g -1 pore volume). Nitrogen adsorption-desorption isotherms and pore size distribution of the samples obtained from aluminum powder and aluminum nitrate are shown in Figure 4 . It can be observed that all of the samples exhibited similar profiles, corresponding to a typical Type IV hysteresis, whose loops at a P/Po range of 0.5-1.0 are associated with the filling and emptying of the mesopores by capillary condensation 29 . This confirmed that in this work were prepared mesoporous materials. However, differences in the hysteresis loop shapes can be noted, indicating probable changes in pores nature. LA1000-1 sample showed a Type H4 hysteresis loop, which not terminate in plateau at high P/Po and are given by slitshaped pores. This is in agreement with morphology observed by SEM. In contrast, the others samples (LS1000-1-WF and CA) showed Type H2 hysteresis loops, whose pore structures tend to be made up of interconnected networks of pores of different size and shape
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. The pore size distribution was unimodal in all cases with pores in the range of 20-100 Å. For alumina prepared by typical method, with aluminum nitrate (CA), occurred a little shift of the hysteresis loop to higher values of relative pressures, indicating that the mesopores volume increased, with domain around of 65 Å.
Conclusions
This work has shown the feasibility of γ-alumina production from aluminum powder, obtained through high- energy milling of aluminum cans, by precipitation methods. This is a promising route not only from the economic and energetic but also ecological and social perspective and it represents a promising way of aluminum recycling. By means of reacting aluminum powder with hydrochloric acid and subsequently with ammonium hydroxide or sodium hydroxide, γ-alumina with high surface area would be suitable for several uses, such as catalyst support. The reaction of aluminum with hydrochloric acid is very relevant because it is one of the routes by which hydrogen, an eco-friendly fuel, can be produced. By comparing the precipitating agents used, it could be observed that sodium hydroxide has more advantages than ammonium hydroxide, since there is no need to eliminate harmful environmental products, and the γ-alumina showed high surface area (204 m 2 g -1
), close to those of a commercial alumina (180 m 2 g -1 ) or the one prepared by a typical precipitation method (203 m 2 g -1 ). Therefore, the proposed route is simple and provides a way to get both alumina and hydrogen in a sustainable manner, from aluminum cans, generally discarded after use. The yield of the γ-alumina prepared from the aluminum powders was similar the one obtained by conventional precipitation method, with the additional advantage of energy saving by recycling. The formed phase was stable at 800 o C. The presence of contaminating metals in low concentrations may even be beneficial if the alumina is used as catalyst support.
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